More recently, the ability of FAD to stabilize barley NR in crude extracts (12) , and the detection of a functional Cyt b557 (21) have led us to conclude that barley NR reduces nitrate using NADH as a physiological reductant via an electron transport chain similar to that proposed for the N. crassa enzyme (6) . Furthermore, purified barley NR, like NR from other organisms, is capable of nitrate reduction using NADH, FMNH2, and MVH, and also has NADH CR activity (10) .
NR-deficient mutants have proven important tools for investigating genetic and biochemical aspects of this essential enzyme in the nitrate assimilation pathway. N. crassa (6) and Aspergillus nidulans (2) mutants deficient in NR have been isolated and characterized extensively on the basis of their NR-associated activities (NADPH NR, FMNH2 NR, MVH NR, and NADPH CR), MoCo content, and inheritance. NR-deficient mutants isolated in higher plants have also been characterized in regard to NR-associated activities, MoCo content, and inheritance in the case of tobacco cells in culture (16, 18) and NR-associated activities and inheritance in barley (8, 20, 22, 23, 27) . In the majority of the cases, the presence of defective NR protein in NR-deficient mutants has been determined by assaying the NR-associated activities.
Previous genetic analysis of 10 NR-deficient barley mutants isolated in our laboratory indicated that nine of the mutants were allelic (nar la-nar li), while one mutant represented a second NR gene (nar 2a) (8) . Mutants Xno 18 and Xno 19 have been shown to be allelic to one another and nonallelic to nar 1 (20) . The allelic relationships of Xno 29 have not been established. Based on the genetic data and the NR-associated activities of the nar mutants, it was postulated that the nar 1 locus was the NR structural gene while nar 2 was involved in MoCo function (8) . Shumny and Tokarev (20) have suggested that Xno 29 also codes for the structural NR gene.
Some NR-deficient barley mutants have inactive NR which has been detected by the ability of inactive NR CRM to protect a known amount of active wild-type NR from antibody inhibition (9) . Further improvements in NR purification have facilitated the production of antiserum monospecific for barley NR. This study reports the characterization of this NR antiserum and its use in rocket immunoelectrophoretic quantification and characterization of the NR CRM of 13 NR was further purified by preparative slab polyacrylamide gel electrophoresis (4). Affinity-purified NR (0.54 mg; specific activity, 5.6 units/mg protein) was applied to a trough in a 1.5-mm slab gel. Both the stacking (2.5% acrylamide, 0.625% BIS) and resolving (7% acrylamide, 0.184% BIS) gels were poured using a final concentration of 378 mM Tris-HCl (pH 8.9). A small amount of bromophenol blue was added to the upper buffer reservoir, and the electrophoresis started at 10 mamp per slab gel. The current was increased to 15 mamp per slab after the tracker dye had entered the lower gel and was maintained until the tracker dye reached the bottom of the gel (10 cm). All steps of the purification were carried out at 0 to 4°C.
NR was identified by staining the slab gels for MVH NR activity (14) and excised from the gel. Segments (I cm) of the gel slices containing NR activity were subjected to electrophoresis in the presence of SDS on 15% acrylamide, 0.075% BIS gels (13) to determine the purity of the preparations. A single protein band of 110,000 mol wt was observed, confirming that barley NR had been purified to homogeneity. To prepare the antigen for injection, MVH was eluted from the gel slices by washing in distilled H20 for 1 h. The gel was frozen, lyophilized, and stored at -16C until used. Pulverized gel (30 mg) was emulsified in 1.5 ml of 1:1 mixture of distilled H20 and Freund's adjuvant using a Sorvall Omnimixer for 15 min at room temperature. Two French Lop rabbits were injected at multiple sites four times at 10-d intervals using NR purified from two slab gels (about 200 pig protein) per rabbit. The first injection was made with Freund's complete adjuvant while the following injections were with Freund's incomplete adjuvant. The rabbits were bled through an ear vein 10 d after the fourth injection and the blood allowed to clot for 1 h at room temperature followed by S h at 8°C. Antiserum was collected after centrifuging at 2,000g for 15 min, and the supernatant was stored at -16°C. No further treatment of the antiserum from either rabbit was required for this study. Control serum was taken from each rabbit before the first injection.
Antisetum Titration. Crude extracts were prepared from 6-dold nitrate-induced or uninduced wild-type barley seedlings. One g of seedlings was ground in a chilled mortar and pestle in 6 ml of extraction buffer containing 250 mm Tris-HCl (pH 8.2), 1 25 pum FAD, 5 ,UM Na2MoO4, 10 pM antipain, S pug/ml pepstatin, 5 mM PMSF, and 3% BSA.
Crossed immunoelectrophoresis (25) was performed on wildtype barley extracts and partially purified NR. Antigen samples were electrophoresed in the first dimension in 1% w/v agarose (BioRad) gels. The separated antigens were immunoelectrophoresed in the second dimension in 0.8% w/v agarose gels containing antiserum.
For rocket immunoelectrophoresis, agarose gels (0.8% w/v) containing 0.4% v/v rabbit antiserum were poured into 1.5-x 70-x 100-mm molds using Tris-barbital buffer (pH 8.6) for both the gel and electrophoresis buffers (25) . Sample wells 3 mm in diameter were cut across the cathode end of the gel, and 9 ,l of barley extract were applied to each well. Rocket immunoelectrophoresis was conducted for 20 h at 1 v/cm, and the gels were maintained at 4°C during the run. Mutant NR CRM were quantified by comparison to a standard curve developed using nitrate-induced wild-type extracts diluted to different extents with extraction buffer.
Staining Procedures. Immunoprecipitates were stained for protein using Coomassie Brilliant Blue R-250 after the gels were deproteinized and dried onto gel bond film (Marine Colloids).
The immunoprecipitates were also stained for MVH NR activity (14) and NADH diaphorase activity (1) . XDH was detected in polyacrylamide electrophoresis gels of enzyme extracts (15 (12) and by adding protease inhibitors (29) . Reexamination of the nar mutant activities (Table I ) revealed some differences from previously published data (8) . The NADH NR activities of the mutants tended to be slightly higher compared with Steptoe. This is probably due to the improved stability of the NAD(P)H-bispecific NR present in the mutant seedlings (3). Another difference was that the NADH CR and FMNH2 NR activities of the mutants nar Id and nar lh were considerably lower than previously reported (8) . This may be due to the 24 h nitrate induction period used in this study, whereas in previous studies the seedlings were grown on nitrate for the entire experiment. The 24-h nitrate induction may have been insufficient for these mutants to synthesize maximum levels of NR. The FMNH2 NR activity of both Steptoe and nar lh was lower than the Steptoe NADH NR activity, which suggests that the extraction buffer interfered with the FMNH2 assay.
Xanthine Dehydrogenase. Wild-type levels of XDH activity were observed in zymograms of extracts of all nar I alleles and Xno 29 (Fig. 1) (Fig. 1) . This may be due to leaky mutations. Certainly nar 2a is known to be somewhat leaky for NADH NR activity (8) (Table I) Antiserum Characterization. Antiserum produced against purified barley NR inhibited the in vitro NADH NR activity of extracts from nitrate-induced wild-type seedlings (Fig. 2) . The associated FMNH2 NR and NADH CR activities of the extract were also inhibited by the antiserum. The FMNH2NR activity of the wild-type enzyme was inhibited with slightly less antiserum than the NADH NR of the same extract. Even at very high antiserum concentrations, 21% of the NADH CR activity in the extract remained active. This NADH CR activity was presumably not related to NR since a similar level of CR was present in uninduced wild-type seedlings and was not inhibited by the antiserum (data not shown). The presence of NADH CR that are not related to NR has been demonstrated in extracts of wild-type barley (28) . Therefore, it was concluded that the antiserum inhibited the three NR associated activities similarly which is consistent with the action of Chlorella NR antiserum on the Chlorella enzyme (5) .
Monospecificity of the antiserum was demonstrated by the formation of a single immunoprecipitate when either purified NR or wild-type seedling crude extracts were subjected to crossed immunoelectrophoresis and the gels stained for protein (Fig. 3, A  and B) . The single immunoprecipitate seen in these gels also stained positively for MVH NR and NADH diaphorase activity (data not shown), indicating that the immunoprecipitates were formed by the specific reaction of the antibodies with NR.
Rocket Immunoelectrophoresis of Mutant CRM. NR-deficient mutant seedling NR CRM was quantified by comparison with the NR CRM found in nitrate-induced wild-type seedlings. Undiluted wild-type extract exhibited a rocket height of about 20 mm, while dilutions of this extract resulted in a linear relationship between rocket height and the degree of dilution of wild-type extract (data not shown). To further increase the sensitivity of the analysis and to detect modified NR CRM, a fixed amount of partially purified wild-type NR was added to each sample and to the standard curve. The relationship between rocket height and NR content was linear over a broad range of enzyme concentration. The rocket (6) which may account for its altered immunoelectrophoretic properties (1) . Presumably, the added wild-type NR forms an immunoprecipitate to which the mutant NR CRM may add to increase the rocket height even though it is conformationally different from the wild-type enzyme. The similarity of the immunoelectrophoretic properties of the seven barley nar I NR CRM and N. crassa mutant nit-1 CRM suggests that these barley mutant NR may also be dissociated into subunits.
The nitrate-dependent induction of NR CRM in the barley mutants was similar to the wild types. When mutant and wildtype seedlings were watered with ammonia or nitrogen-free nutrient solutions, no NR CRM was detected by rocket immunoelectrophoresis even after the addition of purified wild-type NR protein to the extracts (data not shown). Therefore, the nitrate induction of barley NR is different from that observed in Chlorella which involves the activation of a precursor NR (5) . It also appears that under the growth conditions of this study, none of the NR mutants are constitutive for NR CRM and that NR is synthesized de novo in response to nitrate. In the wild-type N. crassa, NR is synthesized de novo (1, 6) , but in certain nit-l and nit-3 alleles, the NR CRM is constitutively regulated (24) .
An inactive NR precursor found in ammonia-grown Chlorella extracts also exhibited immunoelectrophoretic properties similar to these structurally modified barley mutant NR CRM (5). Further characterization of this precursor led to the conclusion that it was rapidly turning over and, therefore, present in extracts in a partially degraded form which accounted for its modified crossreaction (5) . Proteolytic degradation of the barley mutant NR may also account for their reduced cross-reaction; however, inclusion of protease inhibitors in the extraction buffer should reduce in vitro degradation of the NR CRM. Further study is required to determine if in vivo proteolytic degradation of the NR CRM resulted in the altered immunoelectrophoretic character of certain mutants.
In conclusion, rocket immunoelectrophoresis was used to quantify the NR CRM levels of 13 NR-deficient barley mutants. The NR CRM of some but not all nar 1 alleles exhibited different immunoelectrophoretic properties than NR CRM of the wild type, indicating that structural differences in NR CRM occur within the same allelic group. This observation, considered with the fact that the nar 1 alleles possess different NR partial activity phenotypes and have wild-type XDH activity, strongly supports the hypothesis that nar I codes for the NR structural gene (8) . The 
